Previously, a model to predict massive transfusion protocol (MTP) (activation) was derived using a single-institution data set. The PRospective, Observational, Multicenter, Major Trauma Transfusion database was used to externally validate this model's ability to predict both MTP activation and massive transfusion (MT) administration using multiple MT definitions.
F
or a critically injured patient, aggressive resuscitation through a MTP can be a lifesaving endeavor. However, unnecessary MTP activation can lead to wasted resources or, worse, overtransfusion of a non-critically injured patient. Many retrospective studies have attempted to develop a scoring system to predict the need for massive transfusion (MT). 1 While most of these approaches use similar data, including vital signs, injury type and severity, and basic laboratory values to assess the likelihood of MTP activation, they vary in the way that they combine these values. Some models are designed for ease of bedside use and sacrifice accuracy in favor of quick, simple calculations. 2 Others such as the Trauma-Associated Severe Hemorrhage (TASH) score prioritize accuracy, and the required calculations are too cumbersome for real-time bedside use. 3, 4 In most hospitals, the decision to activate MTP is currently based on the surgeon's gestalt of the patient-"does the patient look sick?"-which is necessarily subjective and has been demonstrated to be marginally accurate at best. 5 Therefore, many of the available scoring systems have been aimed at predicting which patients will receive MT rather than when a surgeon will actually activate the MTP. 3, 4, 6 Unfortunately, there is currently much debate about what actually constitutes an MT. Traditionally MT has been somewhat arbitrarily defined as 10 units of packed red blood cells (pRBCs) in 24 hours. 7, 8 However, in the derivation of the TASH model, MTwas defined as 10 units of PRBCs from time of presentation until intensive care unit admission without a defined time frame. More recently, several groups have attempted to develop a more data-driven definition of MT. 9, 10 Thus, even the clinical endpoint of MT delivery is subject to variability between studies, making external validation and replication of results difficult.
Because of the limitations of previous predictive models as described above, we chose to evaluate the model derived by Mina et al. 11 We chose to further investigate this model in particular for several reasons: (1) it does not transform continuous variables, such as heart rate or systolic blood pressure into binary categorical variables; (2) it uses parameters that are available early in the course of the resuscitation of a critically ill patient; and (3) it has been developed into a smartphone application (app) to facilitate bedside use. Our aim was to validate the app model's ability to predict MTP activation, as well as actual MT administration based on five common MT definitions using the high quality, multicenter data set from the PRospective, Observational, Multicenter, Major Trauma Transfusion (PROMMTT) study. 12 
METHODS
Approval for this study was obtained from the institutional review board at our institution and the publication committee of the PROMMTT study. The PROMMTT database contains prospectively collected data on transfused trauma patients from 10 Level I trauma centers throughout the United States. Variables collected include patient demographics, admission vital signs (systolic blood pressure, heart rate), Injury Severity Score (ISS), admission base deficit, mechanism of injury, transfusion details, and survival.
We chose to use MTP activation as our primary outcome because it is necessarily a resource-intensive endeavor regardless of whether the patient ultimately receives an MT. Although it has been demonstrated to be relatively inaccurate, and despite the numerous MT prediction models in existence, most trauma centers continue use the "surgeon's gestalt" as the trigger to activate the MTP. We therefore used an analogous datapoint in the PROMMTT data set, which was collected upon the patient's arrival to the resuscitation bay by asking the attending surgeon whether they felt that MTP would need to be activated. The secondary outcome was MT delivery, which was defined in the following five ways. The first four definitions consider only the amount of pRBCs transfused: 10 units pRBCs in 24 hours; 7, 8 3 units of pRBCs in 60 minutes (described as the critical administration threshold in a previous study 10 ); and two cutoffs at midrange timepoints, namely, 6 units of pRBCs in 6 hours and 4 units of pRBCs in 4 hours. We also evaluated the resuscitation intensity (RI) score, a definition that considers the volumes of both crystalloids and colloids infused, including synthetic starch solutions and non-pRBC blood products such as platelets and fresh frozen plasma; the RI score is calculated as the number of "units" of crystalloid, colloid, and blood products administered within the first 30 minutes of resuscitation. An RI score of 4 or higher was considered an MT. 9 The app model as described in Mina et al. 11 was applied to the PROMMTT data set; the variables, β-coefficients, and scaling and centering vectors (χ) are shown in Table 1 . As the model is based on a form of a logistic regression (least absolute shrinkage and selection operator logistic regression), and β*X represents the linear combination of these variables and scaled/ centered coefficients, the probability resulting from the linear combination was calculated as follows:
This probability was termed the intermediate probability (IPr) which was then transformed into a clinically relevant probability of MTP based on the logarithmic function:
The calculated probability was then compared to the six observed outcomes, as described above. The groups identified as meeting the definition of MT using the five different definitions were compared using χ 2 and the Kruskal-Wallis test as appropriate. The area under the receiver operating characteristic curve (AUC) was then used to evaluate the predictive ability of the model for each of these outcomes. To evaluate the effect of bias on the observed versus predicted probability of MTP activation, a bootstrapped calibration curve was plotted. Statistical analysis was completed using the "gmodels," "rms," and "ROCR" packages in the R statistical and computing environment (R version 3.2.2, R Development Core Team, Vienna, Austria).
RESULTS

Data Set Characteristics
The PROMMTT data set contains data on 1,245 unique patients who were transfused at least one unit of pRBCs upon arrival to the resuscitation bay. Selected demographics for these patients are presented in Table 2 . Due to the inclusion criteria for enrollment, patients in the PROMMTT data set were, on average, more critically ill than those in the original model derivation sample. In the derivation population of the Mina study, the average ISS was only 10.9 versus an average ISS in the PROMMTT population of 25.0. In addition, only 3.6% of patients in the original Mina sample had MTP activated, while the attending surgeon reported that they would activate MTP for 33.3% of patients in the PROMMTT study.
Attending Physician Prediction of MTP Activation
Patients were then grouped based on whether the attending surgeon thought MTP activation would be necessary, as well as whether they met the various definitions of MT (Table 3) . One hundred forty-nine patients met criteria for all of the five different MT definitions; among these, attending physicians indicated that they would activate MTP for 90. Omnibus analysis of variance testing identified significant differences in the mean systolic blood pressure and number of PRBCs transfused in the first 24 hours among the 6 groups who were ruled in by each definition (Table 3) . Post hoc analyses demonstrated significant differences between the mean systolic blood pressure (SBP) of patients ruled in by definitions 2 and 5, and between groups 4 and 5. There were also significant differences in the number of units of PRBCs transfused in the first 24 hours among nearly all groups. No difference was observed in the proportions of patients with blunt injuries, gunshot wound, or stab wounds ruled in or out using any of the five MT definitions. Of all of the MT definitions tested here, the 10 units of pRBCs in 24 hours criteria demonstrated the greatest ability to discriminate between patients who died within 24 hours of admission, 72 hours of admission, and 30 days of admission.
Actual MT Administration
The model was applied to the data set, yielding a calculated probability of MTP activation. We divided patients into risk quartiles based on the predicted probability ( Table 4) . As expected, there was a linear relationship between the calculated probability of MTP activation and worsening admission vital signs. There was also a linear relationship between the predicted probability of MTP activation and the rate of actual MT activation (Table 4 ). The ROC curves were used to evaluate the discrimination performance of the app model. For the primary outcome, MTP activation based on attending physician's gestalt (Mt1), the model's predictive ability was fair to good, with an AUC of 0.694 (Fig. 1) . The models performance did not vary when used instead to predict one of the five definitions of MT (Mt2-Mt6): The AUC for Mt2 was 0.698 (95% confidence interval [CI], 0.664-0.732), 0.711 for Mt3 (95% CI, 0.675-0.748), 0.700 for Mr4 (95% CI, 0.666-0.735), 0.696 for Mt5 (95% CI, 0.658-0.733), and 0.694 for Mt6 (95% CI, 0.656-0.733) (Fig. 1) . A bootstrapped (n = 1000) calibration curve was plotted to evaluate the app model's ability to predict the attending surgeon's expectation to activate the MTP (MT definition 6) since this was the outcome used during the derivation of the original model (Fig. 2) . The curve demonstrates underestimation of the probability of MT at the mid range and overestimates risk at the extreme high and low values. Lastly, to compare the app model to other commonly used MTP prediction models, we applied the Assessment of Blood Consumption (ABC) and TASH models to the PROMMTT data set and tested their ability to predict whether a patient would receive 10 units of PRBCs in 24 hours (MT definition 1), and calculated the AUC for each. 3, 6 Thirty-one (2.5%) patients had met the TASH threshold score of 18 or greater, while 33.8% of patients had an ABC score of 2 or greater. Both demonstrated worse predictive ability than the app model: the ABC score had an AUC of 0.620, while the TASH score had an AUC of 0.527.
DISCUSSION
While several groups have developed MT prediction scoring systems, few have been rigorously validated using an external data set. In the original study, the authors reported an AUC of 0.96, which was superior to those reported for other commonly used models, such as the ABC or TASH scores. 3, 4, 11, 13 We observed a decline in the predictive ability of the app model, with a maximal AUC of 0.711, when applied to the PROMMTT data set. However, this decline in performance is not unexpected during the external validation of any predictive model. There are many potential reasons for this result. First, the original app model was derived using single-institution data; presumably MTP activation patterns among the physicians within this group were more uniform than among the physician groups at each of the 10 PROMMTT study sites. 11 More significantly, the original data set included all trauma activations, regardless of the level of activation or mechanism of injury. In contrast, the PROMMTT study had rigorous inclusion criteria, resulting in a data set which represents a highly homogenous sample-all patients included in the study presented as the highest level of trauma activation and were transfused at least one unit of a blood product within 30 minutes of arrival. Therefore, discriminating between patients who will and will not require MT in this population is considerably more difficult than in the original derivation sample. This heterogeneity is likely the cause at least in part of the systematic underprediction of MTP activation at the lowest and highest calculated probabilities, and overestimation in the midrange, as seen in the calibration plot. Notably, this miscategorization was also seen in the original model, suggesting that there may be no single patient population whose characteristics suggest a 100% probability of the need for MTP activation. 11 The model's adequate to good performance in this setting suggests that the model is in fact generalizable to other patient populations.
As in other models, including the ABC, TASH, and Prince of Wales Hospital, MT score scoring systems, the app model was developed to predict MTP activation-we therefore expected that the model would perform better in this setting than in predicting actual MT delivery. 3, 4, 14, 15 Instead, the model's performance remained consistent across all outcomes tested, including both MTP activation and the five different definitions of MT. Despite the fact that each MT definition "ruled in" a different group of patients, ranging from just under one quarter to roughly one third of the total sample, there were few differences in the presenting vital signs among each of the populations. This finding at least partially explains the lack of variation in performance by the model and suggests that the app model works reasonably well to identify a population of critically ill patients who may benefit from a balanced resuscitation. Adaption of the app model could therefore help to obviate discussion about the optimal definition of MT.
Despite these encouraging findings, as in most populationbased predictive models, it nevertheless remains difficult at the individual patient level to accurately predict whether the MTP should be activated. According to Brohi, 16 an ideal scoring system would operate at a better than 90% sensitivity; he cites the numerous models that have been developed as evidence that it is "impossible to produce a robust, reliable tool." However, while the sensitivity and specificity reported here do not achieve this goal either, we believe that this model has the potential improve its accuracy over time. One of the greatest advantages of the app model is that all of the clinical parameters are considered as continuous variables. All other previously described scoring systems dichotomize at least one continuous variable (e.g. heart rate above or below 120), resulting in a loss of granularity of the data and precluding subsequent revisions to the model. 4, 6, 17 Because the app model preserves the raw data for each patient, as additional patients are treated and data points are accrued, the model can be iteratively recalibrated. Over time, pooling of regional, national, or global data could, at one extreme, lead to the development of a universal model; alternatively, this process of iterative predictive improvement could be used to tailor a model that is specific to the patient population of a single institution. Conceivably, a universal model could lead to a standardized definition of a "massive transfusion" patient. However, one potential downside of such an approach would be the inability of the model to compensate for the variability among provider and institutional practice patterns. It seems likely that a universal model would be more useful for research purposes, while an institution-specific model would be more useful for clinical application.
This capability can also allow the model the ability to adapt to new treatment modalities or therapies that may develop, such as the use of novel hemostatic agents that might reduce the number of patients who receive MT. As the model improves, we hope that both inappropriate MTP activation and subsequent blood product wastage and inappropriate inactivation can be reduced.
One flaw of the app model is that the acute coagulopathy of trauma, which is a major driver of the ongoing need for resuscitation, is only indirectly accounted for by the inclusion of base deficit. Although an assessment of a patient's ability to form a functional clot using the international normalized ratio or viscoelastic analysis may certainly improve the accuracy of any MTP prediction score, these values often take up to an hour to result and adoption of some of these technologies are not yet widespread. 18 There are, however, data that suggest that admission base deficit is a significant predictor of both mortality and need for MTP activation in several retrospective studies. [19] [20] [21] While the lack of availability of point of care base deficit measurement may currently limit the applicability of this model in some centers, we believe that the addition of a simple piece of point of care testing equipment, either in an emergency medical technician kit or in an emergency room setting, could allow for the rapid calculation of an injured patient's probability of requiring MTP.
Scoring systems are useful not only in providing decision support for clinicians with varying experience in trauma resuscitation but also in standardizing MTP administration to promote higher-quality research. Massive transfusion protocol trigger studies are necessarily labor-intensive, requiring multicenter participation with dedicated research staff to ensure that high-quality, uniform data are obtained. Therefore, the adaption of a standardized predictive mechanism, such as the app model, could help to answer a question that plagues traumatologists. While the app model's performance did decline in this external validation, its ease of bedside or even prehospital use and potential for iterative recalculation and recalibration suggest that the app model warrants further refinement and prospective evaluation. 
